Mutation is the ultimate source of all genetic novelty and the cause of heritable genetic disorders. 2 Mutational burden has been linked to complex disease, including neurodevelopmental disorders 3 such as schizophrenia and autism. The rate of mutation is a fundamental genomic parameter and 4 direct estimates of this parameter have been enabled by accurate comparisons of whole-genome 5 sequences between parents and offspring. Studies in humans have revealed that the paternal age 6 at conception explains most of the variation in mutation rate: each additional year of paternal age 7 in humans leads to approximately 1.5 additional mutations inherited by the child. Here, we 8 present an estimate of the de novo mutation rate in the rhesus macaque (Macaca mulatta) using 9 whole-genome sequence data from 32 individuals in four large pedigrees. We estimated an 10 average mutation rate of 0.58 × 10 -8 per base pair per generation (at an average parental age of 11 7.5 years), much lower than found in direct estimates from great apes (including human, 12 chimpanzee, and gorilla). As in humans, older macaque fathers transmit more mutations to their 13 offspring, approximately 1.5 extra mutations per year in our probands. Mutations at CpG sites 14 accounted for 24% of all observed point mutations. We found that the rate of mutation 15 accumulation after puberty is similar between macaques and humans, but that a smaller number 16 of mutations accumulate before puberty in macaques. We additionally investigated the role of 17 paternal age on offspring sociability, a proxy for normal neurodevelopment. In 203 male 18 macaques studied in large social groups, we found no relationship between paternal age and 19 multiple measures of social function. Our findings are consistent with the hypothesis that the 20 increased risk of neurodevelopmental disorders with paternal age in primates is not primarily due 21 to de novo mutations.
Introduction
between species, a simple model that considers only the difference between the beginning of 145 spermatogenesis and the average age at conception makes a compelling null model for 146 understanding mutation rate variation. 147 We performed a Poisson regression of mutation count on parental age to model the rate 148 of accumulation with reproductive longevity, and compared it to a regression from a large human 149 dataset (Jónsson et al. 2017) . Because the regression was not significant for maternal age in the 150 macaque data, we excluded maternal age as a variable for the subsequent comparisons. If we 151 assume both that the number of mutations before puberty and the rate of accumulation of 152 mutations after puberty are the same in humans as in macaques, our model with reproductive 153 longevity overestimates the expected number of mutations per generation (approx. 53 vs. 36, 154 using 7.8 years as the average paternal age in macaques). 155 Much of the difference in the per-generation mutation rate between human and macaque 156 can be attributed to the number of mutations predicted in the germline pre-puberty: there are about half as many in macaques as in humans (25.4, 95% CI: [21.0, 29.7] in macaque and 44.1 158 [43.0, 45.2] in human, based on regression predictions at species' respective timing of puberty). 159 The rate at which mutations increase with paternal age after puberty was not significantly 160 different between macaque (4.3 × 10 -10 per bp, per year, 95% CI [3.0, 5.5]) and human 161 (3.4 × 10 -10 per bp, per year, [3.3, 3.5]; unequal variances t-test, p = 0.17). The non-significant, 162 but slightly higher effect of paternal age in macaques corresponds to only ~2 more mutations 163 over the average lifespan of a macaque. 164 The evolutionary changes leading to a lower number of mutations before puberty appear 165 to have occurred along the branch leading to macaques, as owl monkeys (Aotus nancymaae) 166 show a similar number of mutations pre-puberty as humans (Thomas et al. 2018) . The smaller 167 number of mutations in macaques may be due to a decreased number of germline cell divisions 168 or a decreased rate of mutation per cell division before puberty. Whichever the case, the data 169 here suggest that the mutation rate per cell division post-puberty has had little effect on the 170 overall difference in the per-generation rate between species. 171 We further used the regression model to estimate a per-year mutation rate for the 172 macaque. Such values can be directly compared to substitution rates from phylogenetic studies. Sociability is a consistent personality dimension in humans that has also been identified 183 in rhesus monkeys (Capitanio 1999) . Low social ability in infant rhesus monkeys has been 184 shown to predict poor adult social function (Sclafani et al. 2016) , consistent with deficits in 185 childhood social interaction and communication as risk factors for the development of autism 186 spectrum disorder in humans (Ozonoff et al. 2010; Jones et al. 2014) . We examined sociability 187 across a sample of 203 male monkeys studied in adulthood to determine whether paternal age at 188 conception was a significant contributor to low social function. These monkeys came from the 189 same colony as those used for sequencing, but none of the individuals were the same.
190
In addition to sociability, we measured the frequency of eight behaviors associated with general 191 social functioning, stratified by sex (Table S1 ). We performed principal component analysis on 192 these variables to reduce dimensionality and to extract a useful general score of social 193 functioning from these behaviors. The first two principal components (PC) explain > 94% of the 194 variance in these observations. Offspring social behavior PC1 explains the tendency for 195 behaviors to be directed towards females versus males, while offspring social behavior PC2 196 explains overall contact and proximity with both sexes. Social behavior PC2 was significantly 197 correlated with observer ratings of the sociability personality measure (Pearson's r = 0.37, 198 p < 5 × 10 -9 ).
199
We found no evidence for a relationship between paternal age and any measure of 200 lowered social function ( Fig. 4 ). Rather than a negative effect on sociability, there was a weak positive trend suggested between sociability and parental age at conception (sire age: 202 r = 0.07, p = 0.21; dam age: r = 0.02, p = 0.09). Because there is a positive correlation between 203 sire rank and sire age, we also calculated pairwise partial correlations between sire age and all 204 measures of social functioning while attempting to control for sire rank. None of these 205 correlations were significant (Table S2 ).
206

Discussion
207
Both the rate and the spectrum of mutations are intimately linked with life history (Walter 208 et al. 2004; Goldmann et al. 2016; Rahbari et al. 2016) , complicating comparisons across studies 209 that report point estimates. We discovered a significant paternal age effect on mutation rate in 210 rhesus macaques, consistent with findings from other direct estimates of the mutation rate in 211 primates. The overall per-generation mutation rate in the macaque is substantially lower than has 212 been found in humans and other great apes, but similar to the rate in owl monkeys. Our analysis 213 indicates that this lower value compared to the apes is largely due to a younger age at 214 reproduction and a lower number of mutations before puberty, with little effect from differences 215 in the rate at which mutations accumulate with paternal age after puberty. While the effect of are both increasing linearly with age. The similarity in α-values, coupled with the small but 220 significant effect of maternal age on mutation rate in humans, suggests that a maternal age effect 221 might be detected in macaques with larger sample sizes.
222
In contrast to the per-generation rate, our estimate of the per-year mutation rate in 223 macaques is 1.5 times higher than the estimate in humans. This factor is similar to recent reports 224 that the per-year mutation rate is roughly 1.4-1.5 times higher in chimpanzees, gorillas, and 225 orangutan relative to humans (Besenbacher et al. 2019) . Estimates from phylogenetic studies, 226 however, indicate only a 30% higher per-year substitution rate in Old World monkeys (including 227 macaques) compared to humans (Kim et al. 2006; Elango et al. 2009 ). This discrepancy is 228 consistent with a recent, and perhaps ongoing, slowdown in the mutation rate on the human lineage (Goodman 1985; Li and Tanimura 1987; Yi 2013) . That is, if a lower per-year mutation 230 rate evolved sometime after the human-chimpanzee divergence, then a comparison of 231 substitution rates that uses the entire divergence time-as in the Old World monkey to human 232 comparison-will underestimate the degree to which the rate has decreased. The estimated 1.5-233 fold higher per-year mutation rate in chimpanzee relative to human also supports the recent 234 evolution of a lower per-year mutation rate specific to the human lineage, though it is not 235 consistent with the much smaller difference in substitution rate between these two species (Yi 236 2013).
237
Despite accounting for the number of mutations transmitted with paternal age, a model 238 that adjusts for reproductive longevity (Thomas et al. 2018) does not account for all differences 239 in mutation rate between macaques and humans. The biggest difference between these species 240 appears to be the number of mutations present at puberty, before active spermatogenesis begins.
241
It is not clear, however, what changes have occurred before puberty to lower the mutation rate in 242 macaques. Though our data suggest that the mutation rate per-cell division post-puberty is the 243 same between species, it is possible that there are differences between species in the error-prone 244 divisions of early embryogenesis (Huang et al. 2014; Rahbari et al. 2016; Ju et al. 2017) . Under 245 such a model, the decreased number of mutations before puberty in the macaque may be 246 explained by a lower number of postzygotic mutations, a process that is not modeled well by 247 mutation rates during spermatogenesis. In any case, the evolution of life-history appears to have 248 played a large role in shaping differences in the per-generation mutation rate between human and 249 macaque.
250
With the large effect of paternal age on mutation rates within species, differences in key age effect on mutations at CpG sites (e.g. Fig. S3 ), despite their ostensibly replication-285 independent origin, is better explained by a model of unrepaired damage before replication.
286
Previous studies have found that both the number of de novo mutations and the risk of 287 neurodevelopmental disorders increase with paternal age in humans (Kong et al. 2012) . We find 288 no link between paternal age and negative social behavioral outcomes in offspring, despite an 289 increasing number of mutations with paternal age in the rhesus macaque. We must acknowledge 290 that social behavior is a complex human construct that our assay is unlikely to fully capture. Methods § Restricted candidate sites to those with high genotype quality (GQ > 70) in both parents and 344 offspring (see Fig. S6 ). 345 § Removed heterozygotes in the offspring that did not have at least 1 alternate read on both 346 the forward and reverse strand (i.e. ADF > 0 and ADR > 0). We also removed candidate 347 sites where homozygote calls in the parent had more than 1 alternate read on either strand 348 (AD < 2). These alternate allelic depths were evaluated before genotype calling to minimize 349 genotyping errors from local realignment (Karczewski et al. 2019) . 350 § Removed heterozygotes in the offspring that were called with an allelic depth of less than 351 35% alternate reads (Fig. S7 ).
352
The same filters were applied to MVs from both variant calling pipelines, except for GQ 353 which is not calculated by default in freebayes. To evaluate the sensitivity of our mutation calls 354 to the GQ filter, we re-estimated the mutation rate (accounting for callability, see below) at 355 several filter limits (Fig. S5) . After applying the above filters to the set of MVs from both 356 pipelines, we found: 269 overlapping candidates, 44 unique to freebayes, and 38 unique to 357 GATK. Our subsequent analyses use the set of mutations from the GATK calls, but estimated 358 mutation rates are similar between calls from the two pipelines after accounting for differences in 359 callability (Table 1) .
360
Estimating the fraction of callable sites 361 To calculate a mutation rate while considering differences in coverage and filtering, we 362 adapted the strategy from Besenbacher et al. (2019) . Raw counts of de novo mutations were 363 converted into a mutation rate by dividing by the total number of callable sites. Estimates of site 364 callability, the probability that a true de novo mutation would be correctly called as such at a 365 given site x, are factored into estimates of the mutation rate by using the following equation: where μs,i is the per-site per-generation mutation rate for trio i, Nmut,i is the number of de novo 368 mutations identified in trio i, and Ci(x) is the callability of site x in that trio. We take x to be a 369 site from the set of all haploid sites with depth between 20 and 60. This strategy assumes that the 370 ability to correctly call each individual in the trio is independent, allowing us to estimate Ci(x) 371 as:
where Cc, Cp, and Cm are the probability of calling the child, father, and mother correctly in trio i. 374 We estimate each of these by considering the proportion of sites that pass our set of filters in a 375 set of high-confidence calls from each trio. For heterozygous calls in the child, we estimate: where Nhomo,All is the number of variants where both parents are homozygous for the reference 384 allele with high confidence and Nhomo,filtered is the number of homozygous calls in the child that 385 pass all filters (including AD < 2). To best match these homozygous parental sites with candidate 386 de novo sites, sampled sites were restricted to those where the variant was present no more than We estimated callability for each individual, Cc, Cp, and Cm, from a random sample of 389 250,000 sites across the genome that matched the respective criteria for each trio. The de novo 390 callability, Ci(x), calculated for each trio from this strategy is listed in Table 1 . 391 Phasing mutations 392 We traced the parent of origin for de novo mutations that were transmitted to the third 393 generation. This was accomplished by tracking their inheritance on haplotype blocks that we 394 assembled from phase-informative sites. These informative sites were biallelic and had 395 genotypes that were different between grandparents, heterozygous in the next generation, and not 
401
Mutation rates with parental age 402 We estimated the effect of parental age on the mutation rate with a Poisson regression, 403 modeling the number of mutations for trio i as: where Xp and Xm are the paternal and maternal ages for trio i, and respective regression
Data Access
455
A table with details on all identified de novo mutations is available as Supplemental Table 3 . All 456 sequencing data generated in this study has been submitted to the NCBI Sequence Read Archive 457 under accession number: <Uploaded to SRA, will be released upon publication> The number of phased mutations identified from seven rhesus macaque trios attributed to paternal (red) and maternal (blue) transmission. There is a strong linear relationship between the number of transmitted paternal mutations and the paternal age at conception (R 2 = 0.78; Poisson regression p = 7.5 × 10 -4 ). The number of maternally transmitted mutations was not significantly associated with the maternal age at conception in our data (R 2 = 0.29; Poisson regression p = 0.11). Shaded areas show respective regression 95% CI. These seven trios represent cases in which mutations can be tracked through the following generation ( Figure S1 ). Mutation rate accumulation with paternal age estimated from trios in macaques (orange) and humans (black, data from Jónsson et al. (2017)). Approximate age at male puberty in the macaque (3.5 y) and human (13.5 y) are shown in grey. Human trios with paternal age up to 50 are shown here, but the human regression line is from the full dataset. The rate at which the mutation rate increases with paternal age is slightly higher in the macaque (4.3 × 10 -10 per bp, per year; Poisson regression) than in human (3.4 × 10 -10 per bp, per year). The intercept with puberty is much lower in macaque (3.9 × 10 -9 per bp) than in human (7.1 × 10 -9 per bp). 
Figure S1. Pedigree structures of sequenced macaques
The 32 individuals sampled in this study were each part of the three-generation families depicted above. Figure S2 . Effect of maternal age on mutation rate
Estimates of the overall mutation rate from 14 independent rhesus macaque trios with respect to the maternal age at conception. No significant relationship exists between overall mutation rate and maternal age at conception (R 2 = 0.02, p = 0.39; shaded area shows 95% CI). Mutations at CpG sites with respect to the paternal (left) and maternal (right) age in each of the 14 trios. Shaded area shows regression 95% CI. As with the overall mutation rate, there is a significant relationship between the CpG mutation rate and paternal age (R 2 = 0.27; Poisson regression, p = 0.015) while we find no evidence for a relationship with maternal age (R 2 = 0.03; Poisson regression, p = 0.94). The percentage of de novo mutations identified on each autosome, in orange, compared to the percentage of callable sites, in gray. Variation in frequency of mutations across chromosomes does not significantly differ from that expected from chance alone ( 2 test, p = 0.79). Plots show the effect of increasingly stringent GQ filters on the number of candidate mutations, mean callability, mean number of callable sites (×10 9 bp), and the mean mutation rate (×10 -8 per bp, per generation) across all trios. The mean mutation rate estimated from the freebayes calls is shown in blue for comparison. API approaches initiated to males(M) and females(F) CON contact with males and females PRX proximity to males and females GRI grooming initiated to males and females 
